The fabrication of multi-level SU-8 microstructures using multiple coating and exposure steps and a single developing step has been achieved for up to six layers of SU-8. Alternating layers of SU-8 2010 (thin) and SU-8 2100 (thick) photoresist films were spin coated, followed by soft-bake, ultraviolet (UV) exposure and post-exposure bake steps. The multiple SU-8 layers were simultaneously developed to create patterned microstructures with overall thicknesses of up to 500 µm and minimum lateral feature size of 10 µm. The use of a single developing step facilitated fabrication of complex multi-level SU-8 microstructures that might be difficult, or even impossible, to achieve by sequential processing of multiple SU-8 layers that are individually coated, baked, exposed and developed.
Introduction
In recent years, MEMS (microelectromechanical systems) devices have increasingly required the development of thick structures, often with high height-to-width aspect ratio [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . These microstructures have enabled the fabrication of novel components for a variety of applications including micromixers, microelectrophoresis chips, micronozzles and lab-on-chip devices [5, 16] for microfluidic systems; microneedles [2] for transdermal drug delivery patches; micromolds [17, 18] for cell and tissue engineering substrates and various micromachines such as magnetic microactuators and micromotors, microtransformers and comb-drive actuators [8, 15, [19] [20] [21] . Traditionally, thick (>100 µm), highaspect-ratio microstructures have been developed using LIGA [12, 13] , microstereolithography [14, 22] and deep reactive ion etching (DRIE) processes [23, 24] . However, these techniques often require complex and sophisticated equipment that are generally expensive, relatively slow and not readily accessible [5, 6, 11, 25] .
The application of NANO TM SU-8 (MicroChem Corp., Newton, MA) photoresist to develop thick microstructures for MEMS has attracted great interest [5, 8, 25] . SU-8 is a high contrast, negative, epoxy-based line of near-ultraviolet (UV) radiation-sensitive photoresists with suitable chemical and mechanical properties, capable of developing thick photoresist structures in a single photolithographic step [25] [26] [27] . SU-8 photoresists have yielded aspect ratios of over 25 [28] [29] [30] [31] [32] and microstructures up to 1.5 mm high using a single coating step [5] . In addition, some research groups have reported gradient-height SU-8 microstructures through grayscale lithography [6] , hollow SU-8 features using backside exposure [2] and configurations with tilted SU-8 features using inclined/rotated UV lithography [33] . Other investigators have achieved complex SU-8 microstructures through the combination of microstereolithography and UV lithography [22] , the implementation of SU-8 as a sacrificial layer [34] and the use of antireflective coatings to better control UV exposure of SU-8 [4] . Another approach to develop complex SU-8 features is the formation of multi-level microstructures by performing multiple photolithographic steps of exposure and development [1, 35] . For example two-and threelevel microstructures have been achieved by spinning and exposing multiple layers of SU-8 sequentially followed by a simultaneous (single) developing step [2, 7, 36, 37] . This process has allowed for the fabrication of unique complex features while reducing the overall processing time. Recently, we utilized the fabrication of three-level SU-8 microstructures to create molds for tissue engineering scaffolds [38, 39] . These molds were fabricated by combining layers of SU-8 2010 and SU-8 2100, which are two recent SU-8 versions that are designed to produce thin (∼10-20 µm) and thick (∼100-250 µm) films, respectively [26, 27] . The final resulting structure was 200-300 µm thick, which was defined primarily by the SU-8 2100 layers, while the SU-8 2010 layer made it possible to achieve a minimum feature size of ∼10 µm (figure 1). The use of multiple coatings and exposures coupled with a single development step to pattern additional SU-8 layers could increase three dimensionality and achieve even more complex microstructures with greater overall thickness while maintaining a fine minimum feature size.
Despite its popularity, SU-8 photoresists pose multiple processing challenges that hinder reproducibility and limit potential applications [5, 10, 11] . Differences in exposure (exposure non-uniformities) throughout the photoresist layer can lead to partial cross-linking (curing) of the resist, residual stress build-up and poor adhesion to the underlying silicon wafer, which can subsequently result in feature degradation, crack-like distortions and lift-off of the entire SU-8 pattern [1, 2, 5, 7, 10, 31, 37] . Uniformity of exposure provided by an appropriate contact between the mask and photoresist is especially critical for thicker SU-8 layers and highly dependent on other processing steps [5, 32] . First, flowing of the uncrosslinked photoresist during the soft-bake step results in thickness variations of the SU-8 layer across the wafer [1, 5] . Second, formation of an edge bead during the spin coating procedure also produces differences in SU-8 thickness across the wafer. Third, thick or multiple SU-8 layers can increase residual stresses, crack-like distortions and subsequent bowing of the silicon wafer [1, 5, 25, 32] . In addition to exposure nonuniformities, components of the developing step also play an important role in the processing of SU-8 microstructures [25, 30, 32, 40] . Low-aspect-ratio features are generally insensitive to developing parameters, while high-aspect-ratio microstructures often require optimization of development time and the use of agitation [32] . However, vigorous agitation of the SU-8 Developer could result in the destruction of highaspect-ratio structures [30] .
The increased interest in SU-8 photoresists has resulted in a number of innovative processing methods as reported by various research groups [2, 4-7, 22, 33, 34, 36, 37] . In order to advance the capabilities of MEMS fabrication technology to construct three-dimensional and complex microstructures with increasing thickness while maintaining fine minimum feature size, this paper reports on the development of a novel process to pattern several (more than three) SU-8 layers using multiple exposures and a single developing step. Our investigation is an extension of the fabrication process for three-level SU-8 microstructures, which were used as molds for tissue engineering applications [38, 39] . First, layers of thin (SU-8 2010) and thick (SU-8 2100) SU-8 photoresists of different thicknesses were coated, patterned and examined to verify the manufacturer's (MicroChem Corp.) recommended protocols. Next, alternating layers of SU-8 2010 and SU-8 2100 were spin coated, followed by soft-bake, UV exposure and post-exposure bake steps. Finally, the multiple SU-8 layers were developed simultaneously. This multi-level process was refined to generate up to six-level SU-8 microstructures with overall thicknesses of up to 500 µm while maintaining a minimum feature size of 10 µm.
Materials and methods

Fabrication details
SU-8 2010 and SU-8 2100 were used for the development of multi-level SU-8 microstructures. SU-8 2010 is designed for thin applications (∼10-20 µm) while SU-8 2100 is designed for thicker ones (∼100-250 µm) [26, 27] . Both photoresist versions were first patterned in single layers to verify protocols recommended by the manufacturer [26, 27] . The protocols for the single-layer SU-8 2010 and SU-8 2100 films were then used as a basis to develop a technique to combine and pattern multiple SU-8 layers. This technique consisted of processing up to six SU-8 layers by spin coating, soft bake, exposure and post-exposure bake of alternating SU-8 2010 and SU-8 2100 films, sequentially, and followed by simultaneous development of all layers. The resulting microstructures comprised up to six levels of complex assemblies of SU-8 features with a maximum overall thickness of up to 500 µm.
Both single and multiple layer protocols were processed using different photomasks with layout configurations that incorporated various patterns (circles, squares and rectangles) with lateral dimensions ranging from 5 µm to 2 mm (figure 2). The choice of these particular patterns on the photomasks was determined by the design constraints of the ultimate application, which was the fabrication of scaffolds for tissue engineering. Each SU-8 2010 photoresist layer was exposed with either mask 1 or 2, while each SU-8 2100 layer was exposed with either mask 3, 4, 5 or 6. For the multi-level structures, patterns resulting from the photomask for each SU-8 layer were combined with others to produce complex features of the final SU-8 microstructure.
SU-8 2010 single layer
SU-8 2010 was spin coated on a standard 100 mm diameter, (1 0 0)-oriented silicon wafer using a WS-400A-6NPP/Lite spinner (Laurell Technologies, North Wales, PA). After spin coating, photolithography was performed using a VWR 400 hot plate (VWR Scientific Products, West Chester, PA), a C-005 convection oven (Lindberg/Blue M, Asheville, NC) and an MA4/6 IR contact mask aligner (Karl Suss Inc., Garching/Munich, Germany). Thickness measurement of the SU-8 films was performed using a JSM-5310 scanning electron microscope (SEM; JEOL USA, Peabody, MA). The key points of the processing protocol are outlined below. 
SU-8 2100 single layer
SU-8 2100 was processed with the same equipment (spinner, hot plate, oven, aligner and SEM) as the SU-8 2010. The key points of the processing protocol are outlined below. A speed-thickness plot was also created for SU-8 2100 in order to generate appropriate spin parameters. Thickness measurements of the SU-8 2100 layers were performed by focusing on the bottom and top of developed SU-8 features through a calibrated Secolux 6 × 6 light microscope (Esselte Leitz GmbH, Stuttgart, Germany). The light microscope was attached to an ID-C225EB digital micrometer (Mitutuyo Corp., Aurora, IL), which was displaced as the microscope moved from a focused position on the top to a focused position at the bottom of the SU-8 features. This technique could reliably measure thickness within ∼ ±5%. Features were measured at nine different locations around the wafer in a region spanning 3 mm from the edge to the center of the wafer. The accuracy of thickness measurements was subsequently verified using SEM.
Multi-level SU-8 2100 and SU-8 2010
SU-8 2100 and SU-8 2010 were combined to create microstructures of up to six levels using a single photolithographic developing step. The coating/exposure/ bake procedure was performed in a sequential manner whereby each subsequent SU-8 layer was coated on top of a previous one. In this manner, a thicker layer (SU-8 2100) would be 'sandwiched' between two thinner (SU-8 2010) layers, or vice versa. All SU-8 levels were subsequently developed simultaneously (table 1 and figure 3 ). This single developing step process provides important advantages over a process where each coated layer is developed prior to coating of subsequent layers. For example, simultaneous development of multiple SU-8 layers considerably reduces the processing time.
In addition, coating uniformity is increased compared to a process that coats over the topography of previously patterned layers.
Results and discussion
Single layers of SU-8 2010 and SU-8 2100
Figure 4 presents a graph of SU-8 2100 thickness as a function of spin speed. At 1000 rpm, the spin-coated SU-8 2100 was thickest at 225 µm. As the spin speed increased, the SU-8 film became thinner, with the biggest reduction taking place from 1000 to 2000 rpm (225 µm and 115 µm, respectively). At 3000 and 4000 rpm, the SU-8 layer thickness decreased further down to 80 and 64 µm, respectively. These values are generally consistent with those reported by the manufacturer [26, 27] . The thicker spin-coated SU-8 films were relatively more sensitive to flow due to gravity. Consequently, if the wafer is not horizontal during soft bake, there is increased likelihood of thickness non-uniformity due to SU-8 flow [5, 41] . Accordingly, the films produced at lower spin speeds exhibited greater thickness variations (±34% for 1000 rpm) across the wafer compared to films produced at higher spin speeds (±4-5% for 2000-4000 rpm). speed) that are 30 and 5 µm in diameter with aspect ratio of up to ∼3:1 (height:width). SU-8 2100 was exposed using masks 3-6, and produced features varying in thickness from 64 µm (4000 rpm) to 226 µm (1000 rpm) with a ∼16:1 maximum aspect ratio (figures 5(c) and (d)). Thin and thick SU-8 microstructures with high aspect ratio have been previously reported [5, 25, 30, 32] . A reproducible process that allows the fabrication of multi-level SU-8 microstructures using a single photolithographic developing step would enhance feature complexity while decreasing overall processing time. Figure 6 presents two-level features from a wafer coated with both SU-8 2100 and SU-8 2010. Figure 6 (a) presents an SU-8 2100 layer (coated at 1000 rpm) patterned with mask 3 underlying an SU-8 2010 layer (coated at 2200 rpm), which was exposed using mask 2. This protocol resulted in an SU-8 microstructure comprising 10 µm high posts with 10 µm diameter and 10 µm separation along with 200 µm deep holes that are 200 µm in diameter and with 400 µm separation. SU-8 from the second layer (SU-8 2010), which permitted subsequent penetration into the first layer (SU-8 2100). This infiltration of the SU-8 Developer removed the unexposed SU-2100, which therefore, acted as a sacrificial material. The exposure dosage for the second SU-8 layer (SU-8 2010) was not sufficient to fully cross-link the regions of the first SU-8 layer (SU-8 2100) that were previously blocked by the chrome (opaque) regions on mask 4. Qualitative observations revealed that the crack-like distortions, which are generally observed in thicker photoresist layers due to residual stresses, were not as noticeable on the second SU-8 layer. Figure 7 presents a SEM image of a six-level SU-8 microstructure constructed from SU-8 2010 and SU-8 2100 layers that were sequentially coated and exposed, but simultaneously developed as outlined in table 1. There were minor observable differences in feature quality between those on multiple SU-8 layers and those on corresponding single layers. Specifically, there was a slight narrowing of the 10 µm diameter posts at the base of upper SU-8 2010 layers ( figure 8 ). In addition, there were slight distortions present in the regions where patterns on the various photomasks overlap (e.g. sides of the 300 µm columns in figure 7) . Alignment of the photomask to the wafer was achieved using alignment marks on the photomask and corresponding features that were etched 100 µm 15 µm into the silicon substrate. Examination of the final SU-8 microstructure revealed that features were aligned to within 5 µm between adjacent SU-8 layers. Similar to the twolevel SU-8 microstructures (figure 6), subsequent exposure of SU-8 2010 on the six-level microstructure did not fully cross-link the regions of the underlying SU-8 2100 layer that was previously blocked by the opaque regions of the corresponding photomask. Moreover, crack-like distortions were not observed on the upper layers of the multi-level SU-8 microstructure.
Multi-level SU-8 2010 and SU-8 2100
The multi-level SU-8 process demonstrates that SU-8 can function as both structural and sacrificial materials [42] . This dual functionality is revealed using photomasks with patterns that are not necessarily designed to overlap. Such is the case for the microstructures shown in figure 6(a) , where the second SU-8 layer (SU-8 2010 patterned with mask 2) consists of features that are not connected (freestanding 10 µm posts). In this case, removal of the unexposed regions on the first layer (SU-8 2100 patterned with mask 3) will automatically remove the overlying SU-8 2010 regions (whether crosslinked or not). However, if the features on an overlying layer (SU-8 2010) are connected such as in figure 6(b) , then removal of the unexposed regions from the underlying layer (SU-8 2100) will not necessarily remove the exposed SU-8 from the overlying layer. Consequently, the underlying and overlying layers function as sacrificial and structural layers, respectively. Although the scope of our investigation was limited to the current photomask set, it is conceivable that this strategy could enable the fabrication of more common microstructures including cantilevers and bridges. It is interesting to note that the sacrificial material behavior was only observed for SU-8 microstructures where the SU-8 2010 was coated over SU-8 2100, and not for the reverse case (SU-8 2100 over SU-8 2010) . The reason for this asymmetrical behavior is likely due to the fact that cross-linking of SU-8 2010 requires considerably less exposure dosage (∼100 mJ cm −2 ) compared to SU-8 2100 (∼300 mJ cm −2 ). When SU-8 2100 is exposed over previously unexposed regions of underlying SU-8 2010, the exposure dosage is so high that it fully cross-links the SU-8 2010. Overall, the processing of multiple SU-8 layers using a single developing step offers great potential to advance the capabilities of UV photolithography to construct threedimensional (3D) and complex structures, while maintaining dimensional precision and decreasing the total processing time.
Processing limitations and approaches
The fabrication of the six-level microstructures required overcoming a number of challenges.
These process complications resulted in feature alterations and can be classified into problems associated with the exposure or the developing steps. Feature geometry was highly sensitive to variations in exposure uniformity, which arose from SU-8 thickness non-uniformity as well as non-uniform contact between photomask and the SU-8 layer. Consequently, it was critical to ensure that the wafer was level (horizontal) during the initial soft-bake period, especially for thicker SU-8 layers (>100 µm). Furthermore, it was essential to minimize edge bead formation during spin coating of the SU-8 layers. Thickness non-uniformity arising from edge bead formation during spin coating increased with more SU-8 layers. Qualitatively, the thickness of the edge bead increased for any SU-8 layer when it was coated on the top of an already existent edge bead resulting from the previous SU-8 coating. Therefore, it was critical to remove the edge bead from each SU-8 layer prior to coating of the next SU-8 layer. The contact between photomask and SU-8 was also degraded by wafer bowing, which resulted from the residual stress buildup due to mismatch in thermal expansion coefficients between the Si wafer and the SU-8 layer. Wafer bowing increased with the number of SU-8 layers. The use of the aligner's vacuum contact mode enhanced contact between photomask and SU-8, which, in turn, considerably improved subsequent feature resolution. However, vacuum contact mode increased the likelihood of contamination of the photomask with SU-8 residue from the wafer.
The total thickness of the SU-8 microstructure was another important variable in exposure uniformity. In general, exposure non-uniformity increased with the height of the SU-8 layer above the surface of the silicon wafer. An example of this feature distortion is evident in figure 8 where 15 µm high posts are patterned on separate SU-8 2010 layers. In this case, the 10 µm diameter posts exhibit a more cone-like shape on the second (upper) SU-8 2010 layer (∼5 µm diameter at the base) compared to the first SU-8 2010 layer (∼7 µm diameter at the base). This non-uniform exposure through the SU-8 layer could result from increased absorption of ultraviolet (UV) light with increasing thickness of the SU-8 layer, which, in turn, would result in intensity variations and associated differences in reflection characteristics from the underlying wafer surface during exposure [4, 29, 31, 43] . In addition to maximizing contact quality between the photomask and the wafer, optimization of the exposure dosage (power and time) would also improve exposure uniformity.
Alignment of patterns on the photomasks to features on the wafer was not a critical issue for the designs in this investigation. However, misalignment of the photomasks could become a potential complication for other designs during the exposure step. When a photomask used for one exposure is not perfectly aligned with the one for the previous (underlying) SU-8 layer, distortions could result in the regions where both patterns overlap. This distortion is visible in figures 6(a) and 7, where some 10 µm posts near the edge of the holes on the underlying SU-8 were not completely removed.
Crack-like distortions (wrinkles or cracks) that manifest during the post-exposure bake can result from underexposure of the SU-8 due to exposure non-uniformity or excessive residual stresses in the SU-8 [5, 29, 32, 37] . Nonetheless, it was qualitatively observed that the extent of crack-like distortions on the SU-8 surface decreased considerably on upper SU-8 layers. This decrease might be explained by the similarity in thermal expansion coefficients of adjacent SU-8 layers, which, in turn, redistributes or dissipates the residual stress build-up. Gradual stepping (to simulate ramping) of bake temperatures was critical to minimizing residual stresses and appearance of wafer bowing and crack-like distortions.
The developing step also posed potential challenges to the fabrication of multi-level SU-8 microstructures. In this study, developing time at room temperature increased with the number of SU-8 layers ranging from ∼15 min for a single SU-8 2010 layer to ∼80 min for six SU-8 layers. However, this extended developing time did not noticeably limit feature quality. Agitation was also an important parameter during the developing step to ensure penetration of the SU-8 Developer into the narrower spaces in the lower layers of multi-level SU-8 microstructures. However, vigorous agitation could result in mechanical degradation of high-aspect-ratio features on the upper SU-8 layers [30] . Finally, temperature elevation to [30] [31] [32] [33] [34] [35] • C enabled superior feature development, while maintaining a low-to-medium agitation level to minimize feature destruction.
Conclusion
SU-8 photoresists have enabled the fabrication of novel components for a variety of MEMS applications. The processing of multiple SU-8 layers using a single developing step offers great potential to advance the capabilities of MEMS fabrication technology to construct 3D and complex microstructures, while decreasing the overall processing time.
A multiple layer technique to create SU-8 microstructures with up to six levels using a single developing step has been established. The protocol consists of a combination of SU-8 2100 and SU-8 2010 photoresists that are sequentially processed and simultaneously developed. The resulting microstructures comprise features ranging from 5 µm to 2 mm in lateral dimensions and 10 to 500 µm in height. The use of a single developing step enables the fabrication of complex multi-level microstructures that may be difficult, or even impossible, to achieve by coating SU-8 layers over existing high-aspect-ratio topographies. This approach extends an inherently two-dimensional (2D) technology such as photolithography, to create complex 3D structures, while maintaining dimensional precision.
